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Abstract: This research proposes a unified guidance and control framework for Autonomous Under-
water Vehicles (AUVs) based on the task priority control approach, incorporating various behaviors
such as path following, terrain following, obstacle avoidance, as well as homing and docking to
stationary and moving stations. The integration of homing and docking maneuvers into the task
priority framework is thus a novel contribution of this paper. This integration allows, for example, to
execute homing maneuvers close to uneven seafloor or obstacles, ensuring the safety of the AUV, as
safety tasks can be given the highest priority. Furthermore, another contribution shown in the paper
is that the proposed approach tackles a wide range of scenarios without ad hoc solutions. Indeed,
the proposed approach is well suited for both the emerging trend of resident AUVs, which stay
underwater for a long period inside garage stations, exiting to perform inspection and maintenance
missions and homing back to them, and for AUVs that are required to dock to moving stations such
as surface vehicles, or towed docking stations. The proposed techniques are studied in a simulation
setting, taking into account the rich number of aforementioned scenarios.

Keywords: autonomous underwater vehicles; homing; docking; task priority control

1. Introduction

In the past couple of decades, we have seen a tremendous increase in the use of
Autonomous Underwater Vehicles (AUVs) in a wide variety of applications ranging from
sub-sea explorations to ocean research and development [1]. Some notable areas where
AUVs are widely used [2] involve mapping, inspections, surveys, and military roles. Dam-
ages from incidents such as the Deepwater Horizon tragedy [3] could have considerably
reduced if there was a possibility of using an AUV for inspecting the blowout preventer,
riser, and surrounding seabed of the oil rig. Necessary precautions and safety measures
could have been taken well in advance to reduce the impact of such mishaps. Now, AUVs
have evolved to accomplish complex and highly demanding tasks such as search and
rescue [4], underwater manipulation [5], homing, docking [6], etc. Apart from this, these
underwater vehicles are required to autonomously carry out mission tasks that includes
path following, terrain following, obstacle avoidance, and such. A growing trend [7] has
been observed with a new class of vehicles named field resident AUV systems that carry out
these tasks. Complementing the Remotely Operated Vehicles (ROVs) in the midterm [8,9],
resident AUVs now hold a position as a completely unique class of underwater robotic
systems merging the advances in technology and demand for new applications. The vari-
ous components of such systems [10] additionally include a home base for docking when
not performing the mission, and various power and communication facilities. In [11],
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the authors conducted a workshop that studied various applications of resident AUVs,
focusing more on mid-water and seafloor observations. In [12], the authors discuss some
capabilities of such systems by studying the Marlin Mk3 AUV by Lockheed Martin and
Saab Seaeye’s Sabertooth AUV. The work in [13] is about the deployment of resident AUV
Systems by Chevron for pipeline and facility inspection operations. FlatFish [14] is used
to perform an on-demand close visual inspection on sub-sea structures within an oil and
gas field. The work in [15] discusses the monitoring of underwater infrastructure using
a resident AUV Tri-TON 2. Saipem has developed a resident AUV named Hydrone-R1

capable of carrying out light construction works and advanced inspections on sub-sea
assets. In [16], the authors conduct a review of resident AUV systems, along with their
application areas, capabilities, and challenges. Such class of AUVs are thus needed by
the current industry, favoring a system that is capable of carrying out all tasks and op-
erations autonomously, thus motivating the problem of autonomous mission capability,
homing, and docking. Another increasing trend sees AUVs deployed from surface vessel
or submarines, and requires them to home back autonomously. Retrieval of REMUS 100
AUV from an Autonomous Surface Vehicle (ASV) using a taut tether line is presented
in [17], while docking of AUVs to a submarine is presented in [18]. The work in [19] dis-
cusses the launch, deployment, and recovery of AUVs from submarines via conventional
torpedo tubes and via a hangar mounted to the submarine body. In [20], the authors
present the recovery of AUVs from submarines by operating a taught wire for retrieval.
Thus, autonomous deployment, homing, and docking are desirable features for AUVs.
For long-term deployments, it is required to have these capabilities carried out without
any intervention from any human operators. Having these autonomous capabilities could
save time, and reduce human error and fatigue, even for systems such as ROVs or other
tethered underwater or surface vehicles. It is thus interesting to study and find solutions in
the autonomous capabilities of the vehicle that would encompass all behaviors that are
needed right from dispatch till recovery, and also with a long-term vision of intervention
capabilities [21,22].

Given the aforementioned trends, it is clear that there is a need to integrate into AUVs
the capability to home into and be able to dock into a stationary or moving docking station,
be it underwater such as submarines, a station on the seafloor, or on the surface such as
a surface vehicle. The docking maneuver is usually performed in two phases: The first
phase is a long-range homing that involves the identification of the homing signal from the
docking system by the AUV to proceed in the general direction of the homing signal. As the
AUV approaches closer to the docking station, the terminal docking phase is performed
where the AUV proceeds further towards the docking system and attains the dock position.
Recent trends denote that this homing and approach maneuver is performed largely by ad
hoc controllers. In [23], the authors discuss a docking system designed for REMUS AUV
that allows acoustic homing to the docking station. The work in [24] presents a docking
assessment algorithm for assessing the feasibility of the desired path for docking of a
torpedo-shaped AUV using depth tracking via neural network-generated paths, docking
feasibility region analysis to provide a possibility region of successful docking, and docking
success probability evaluation based on the probability of sensor data. A vision-based
docking system [25] was developed for Starbug AUV where a target is detected using
a fast pole detection algorithm based on Haar rectangular features and image rotations.
In [26], the authors discuss an optical quadrant tracker method for terminal guidance
of underwater vehicles to control the horizontal and vertical movements of the vehicle
by appropriate proportional fin commands, thereby steering the vehicle. A vision-based
localization for resident underwater vehicles, consisting of beacon lights attached to a
tether management system, creating a unique light marker fixed at the target location
for pose estimation, is discussed in [27]. Docking of intervention AUVs using sonar and
video image processing algorithms accompanied with navigational data obtained from

1 saipem.com/en/media/news/2019-07-31/sonsub-hydrone-r-launched-water-first-dive-saipems-underwater-intervention
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conventional sensors is explained in [28]. The work in [29] discusses the concept and
testing of a bio-inspired electromagnetic homing guidance system developed for AUVs
at close range to the dock, using a differential magnetometer system fitted with magnetic
field sensors at the forward and aft of the AUV for detecting the dipole magnetic field of
fixed frequency and power generated from the dock.

Furthermore, just like ASVs, AUVs needs to be docked to surface docking stations such
as piers, mother ships, etc. for system inspection or safe retrieval. Autonomous docking
of an AUV to surface docking stations can be assumed as a special case of autonomous
docking of ASV. In [30], the authors discuss docking of an ASV using linear- and circular-
based vector field guidance methods to overcome the motion constraints in performing
docking to certain regions where it is difficult to dock without collision with structures
such as pier walls. A combination of circular and linear vector fields are suggested to drive
the vehicle out from the collision region. However, if the vehicle starts too close to the
structures, there is a chance of collision as the vehicle might perform some tight maneuvers.
Coming to moving docking stations, the authors of [31] integrate no-fly zones with virtual
obstacles into the navigation function for avoiding collisions while trying to dock from the
stern direction into a docking station hoisted on top of a submarine. A method of recovery
for AUVs using a visual docking approach is discussed in [32] where the terminal guidance
is performed via two cameras that help in estimating the position of a moving docking
station. The position and heading of the AUV is corrected before controlling its vertical
movement to finally dock to the docking platform. In their work, the authors consider the
moving dock to be in the mid-water column (i.e., in the free space). However, if the dock is
close to the seafloor, the terrain may not be smooth. As the vehicle approaches for docking
in such scenarios, it could have unwanted collisions with the seafloor while attempting the
docking maneuver. The work in [33] discusses the docking of ASVs into a large mother
ship by placing a virtual target to a point positioned at the projection of the ASV position
onto a safety circle surrounding the mother ship. This virtual target point can move along
the safety circle until its bearing matches up with that of the desired docking point. Once
the ASV matches its position and velocity with this virtual target point, the target point
starts reducing its distance from the dock by translating, until it becomes equal to that of
the docking point. However, the fully translation maneuver presented in the homing and
docking stages will be difficult to achieve due to the drag, presence of water currents, and
high energy requirements.

Coming further, a robust guidance system can be identified as a core and crucial com-
ponent for ensuring successful autonomous operations. For executing certain maneuvers
close to the seafloor or near structures, underwater vehicles would require sophisticated
control systems to guide the vehicle around obstacles, maintain a certain altitude or depth,
all in the possible presence of ocean currents. Another interesting fact is that the previously
discussed techniques take only a specific type of behavior into account. Those techniques
do not incorporate diverse behaviors, ranging from the execution of the main tasks of the
mission (e.g., surveying an area, structure, etc.), to homing and docking at the end of the
mission. For systems such as industrial and residential applications where the automatic
procedures are important, it will be desirable to have a fully fledged control framework
to solve all different control problems. Due to this increase in the capabilities assigned to
the vehicle, there is a transition observed with the use of a unified guidance and control
framework. The task priority framework [34–38] is flexible and can accommodate various
tasks and operations that are required, favoring a priority-based systematic execution of
tasks. Not only does it provide a unified approach, but also a systematic control that will,
if required, take into account additional features such as physical/operational constraints
of the vehicle (e.g., vehicle under-actuation), safety limits (e.g., maintaining a safe distance
from dock to avoid collision), constraints in approach (e.g., docking from stern), and energy
expenditure (e.g., minimize drag by exploiting translation only when necessary), to name
but a few. A priority-based control to integrate inequality control objectives and task
transitions is presented in [39], displaying how inequality control objectives could be well
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defined within the task priority framework without causing any discontinuities. This was
further expanded in the MARIS, DexROV, and ROBUST projects [40–43]. The work in [44]
shows the capabilities of the task priority framework in the cooperative control of multiple
underwater manipulators where a cooperative transportation scenario is considered (the
same strategy has been demonstrated with ground mobile manipulators showing experi-
mental results in [45]). Inspired from these literatures, a task priority control framework is
used as the control framework for our research. Various tasks are defined in the framework
where they are achieved in the order of priority. Thanks to the flexibility in incorporating
various tasks, it is now easier to expand the capabilities of our controller.

This paper contributes by focusing on a general control strategy, proposing a unified
AUV guidance and control based on the task priority control framework and improving
the previously discussed literature as explained further. We take into account the various
behaviors of underwater vehicles and implement all of these features within the common
unified framework of task priority based control. The outline of the contributions are as
follows. Tasks are incorporated that support various type of missions thereby generating
complex behaviors. The parking maneuver and docking maneuver are cast as particular
tasks and are integrated with the safety tasks into one particular structured behavior of the
system, improving over the state of the art. The work in [30] is improved by using velocity
field control technique [46,47] that produces a curvilinear trajectory for approaching in the
desired orientation well in advance, and using a concept similar to the virtual obstacles
proposed in [31] for avoiding any collisions while approaching or performing tight maneu-
vers close to the docking station. Compared to the work in [32], we additionally consider
a case in which the docking station is close to the seafloor where the terrain may not be
smooth. We execute the final homing and docking maneuver by following the seafloor,
also maintaining a safe altitude. The work in [33] is improved by aligning the vehicle
heading with the system velocity for reducing drag and high energy requirements during
the homing and approach stages. The advantages of these contributions are that all these
challenging conditions along with mission execution, homing and parking are integrated
into the same task priority framework. The proposed approach also allows docking from
any initial condition of the vehicle to a stationary or moving docking station traveling in
free space, close to the seafloor or on the surface. Additionally, pitch limitation is also
implemented to avoid the vehicle from reaching pitches above its permissible limits.

With the aim of showing the aforementioned contributions, the remaining paper is
structured as follows. Section 2 introduces the fundamentals of the task priority framework.
The task priority approach integrating homing and docking maneuvers, along with path
following, terrain following, depth control, altitude control, and obstacle avoidance for
various mission scenarios are detailed in Section 3. Simulation results are discussed in
Section 4 along with plots displaying the various behaviors of the system. Section 5
concludes the paper.

2. General Notations and Model Definition
2.1. Frames and Transformations

To determine the position, orientation, and velocity of the vehicle, the paper uses two
reference frames: a world-fixed reference frame 〈w〉 and a body fixed reference frame 〈b〉
as shown in Figure 1. The 〈w〉 frame has its x axis pointing to the North, the y axis pointing
to the East, and the z axis pointing to the center of the Earth. The unit vectors representing
each directions in 〈w〉 are iw, jw and kw, respectively. The 〈b〉 frame relates to the vehicle
with its x axis pointing to the forward direction, the y axis to the right direction, and the
z axis points vertically down. The unit vectors representing each directions in 〈b〉 are ib,
jb and kb, respectively. Both these frames are related by the Euler angles yaw(ψ), pitch(θ),
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and roll(φ). Let η1 = [x, y, z]> represent the position vector of origin of frame 〈b〉 w.r.t. 〈w〉
and wRb or simply R represents the orientation matrix of 〈b〉 frame w.r.t. 〈w〉 frame as

wRb =

cψcθ −sψcφ + cψsθsφ sψsθ + cψcφsθ
sψcθ cψcφ + sφsθsψ −cψsφ + sθsψcφ
−sθ cθsφ cθcφ

, (1)

where c and s denote the cosine and sine values of the respective Euler angles, respectively.

The transformation matrix of 〈b〉 frame w.r.t. 〈w〉 frame is thus given by wTb =

[wRb η1
0 1

]
.

<w> iw

kwjw

r

ib

kbjb

<b>

Figure 1. Autonomous Underwater Vehicle (AUV) coordinate frame assignments.

2.2. AUV Kinematic and Dynamic Model

This section discusses the general kinematic and dynamic model of the vehicle pre-
sented in the paper. We consider a class of torpedo-shaped vehicles that can translate,
and it has 5 actuated degrees of freedom which are along the surge, sway, heave, pitch,
and yaw directions. The notations used in this paper to describe rigid-body dynamics
follow the conventions of the Society of Naval Architects and Marine Engineers (SNAME)
presented in [48]. In the state space representation, η = [η>1 η>2 ]

> ∈ R6×1 represents the
vehicle position vector [x, y, z, φ, θ, ψ]> in 〈w〉 frame. bν = [bv>bω>b/w]

> ∈ R6×1 represents
the generalized velocities expressed in 〈b〉, where bv = [u, v, w]> ∈ R3×1 is the absolute
linear velocity and bωb/w = [p, q, r]> ∈ R3×1 is the angular velocity of the 〈b〉 w.r.t. 〈w〉
expressed in 〈b〉.

2.2.1. Kinematic Model

The kinematic model links the derivative of the absolute position and the yaw–pitch–
roll Euler derivatives to the relative velocity of the vehicle w.r.t. the water, the ocean current
velocity and the angular velocity of the vehicle using the following relationship,

η̇ =

[
R(η2)bvr

Je(η2)bωb/w

]
+

[ wvc
0

]
, (2)

where η̇ = [ẋ, ẏ, ż, φ̇, θ̇, ψ̇]>, bvr ∈ R3×1 is the relative linear velocity vector (w.r.t. the water),
wvc ∈ R3×1 is the linear velocity of ocean current (assuming the current to be irrotational



J. Mar. Sci. Eng. 2021, 9, 162 6 of 25

and v̇c = 0). Je(η2) is the Jacobian connecting the body angular velocities bwb/w to the
y-p-r Euler rates η̇2, given as

Je(η2) =

1 sφtθ cφtθ
0 cφ −sφ
0 sφ/cθ cφ/cθ

, (3)

where c, s and t denote the cosine, sine and tangent values of the respective Euler angles.

2.2.2. Dynamic Model

The dynamic model of the vehicle is based on the general Fossen model for underwater
vehicles [49–51]. The Newton–Euler dynamic equations of motion are given by

bνr =
bν− bνc, (4)

(Mrb + MA)
bν̇r +

(
Crb

(
bνr

)
+ CA

(
bνr

))
bνr + D

(
bνr

)
bνr +

bτr f =
bτv +

bτL +
bτE, (5)

where bνr ∈ R6×1 is the generalized vector of body relative velocities, bνc ∈ R6×1 is the general-
ized vector of ocean current velocity, (Mrb + MA) is the system inertia matrix (including added
mass),

(
Crb

(
bνr

)
+ CA

(
bνr

))
represents the Coriolis and centripetal matrix (including

added mass), D
(

bνr

)
is the drag matrix, bτr f is the generalized vector of restoring forces

(gravitational and buoyancy), bτv represents the generalized vector of propulsion forces,
bτL is the generalized vector of lifting forces, and bτE is the generalized vector of environ-
ment forces on a rigid body. As the fluid flow is expected to be traversal/longitudinal w.r.t.
the length of the vehicle during typical operating conditions such as hovering or forward
motion characterized by slow velocities and accelerations (thus small angles of attack),
the lift forces and moments are expected to be negligible w.r.t. drag forces and moments
and can be neglected. The drag matrix D

(
bνr

)
is modeled as the sum of the linear and

quadratic damping terms with diagonal structure as

D
(

bνr

)
=
(

DI + Dq

(
bνr

))
, (6)

The generalized vector of propulsion forces produced by the thrusters, is given by

bτv = B(bνr)u, (7)

where u ∈ R5×1 is the vector of control inputs in which each component is the force
produced by the respective thruster and B is the control allocation or mapping matrix that
allows computing the resulting body wrench bτv, given a certain u. The relation between
the force of a given thruster and its velocity is highly nonlinear and depends on the thruster
characteristics, thruster motor velocity, and the fluid velocity passing through the thruster.
Note that the specific model parameters will be revisited in the Section 4.1 where we will
discuss more on the vehicle at hand.

3. Control Architecture

A general schematic of the control architecture is provided in Figure 2 and is composed
by three layers: the Planning Layer, the Control Layer, and the Simulated System. The force
that each thruster must exert, which is an input to the Simulated System, is found using the
thruster allocation mechanism that maps the desired wrench on the body to the forces that
need to be generated by each of the thrusters. Such a desired wrench is the output of the
Dynamic Control Layer (DCL), which tracks the desired system velocities. The Kinematic
Control Layer (KCL) encompasses the definition of the control tasks, which are the basic
building block of the architecture. Within the KCL, basic tasks are arranged into task
hierarchies with priorities that constitute the control actions. The KCL receives the action to
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be executed from the Planning Layer, and it exploits the proposed task priority framework
to find out the desired system velocity to accomplish it. The Planning Layer contains the
mission manager that supervises and manages the execution of the current mission. It
also addresses conflicting tasks by sequencing different actions or by providing a new set
of parameters, thus providing an alternate solution. We recall that in the scope of this
paper, we will focus on the properties of the KCL without going into details of DCL and
Planning Layer.

Mission
Manager

Kinematic
Control
Layer

Dynamic
Control
Layer

Thrust 
Allocator

Mission

Planning Layer Control Layer

System
Reference
Velocities

Generalized
Force/torque

Action

Action
Progress

Simulated System

Thruster 
control inputs

Feedback  
positions,
velocities

Figure 2. Control architecture depicting the Planning Layer, the Control Layer, and the Simulated System.

3.1. Task Priority Framework and Definitions

The KCL implements the task priority framework that is presented in [37]. In this
task priority framework approach, objectives define a specific condition that needs to be
satisfied. Consider a position dependent scalar variable x(η), then an equality control
objective should satisfy x(η) = x0 as t → ∞ and, an inequality control objective should
satisfy x(η) ≤ xmax or x(η) ≥ xmin as t → ∞. To satisfy this control objective, the time
derivative of the variable x(η) should allow it to converge to the desired region or value.
For ensuring a closed-loop convergence, a desired feedback reference rate ˙̄x is defined
as [42]

˙̄x(x) , κ(x∗ − x), κ > 0, (8)

where x∗ denotes an arbitrary point that satisfies the objective. κ is a positive gain pro-
portional to the desired rate of convergence of the variable in consideration. The Jacobian
relationship linking the variables x to the system velocity vector ν̇ is

ẋ = g>ν̇, (9)

where the vector g ∈ Rn denotes the Jacobian for the task. A task will track the desired
feedback reference rate ˙̄x, to drive the associated variable x(η) towards its corresponding
objective. Thus, the task will ensure that the derivative ẋ is as close as possible to the
reference rate ˙̄x.

Another key element of the task priority framework are the activation functions ai(x).
These are continuous sigmoid functions of the scalar variable x(η) and are in the range
[0, 1]. The function assumes 0 in the valid region of the objective. The value of the activation
function is non-zero until the associated objective is achieved. The function is used to
activate or deactivate the control tasks. It avoids over-constraining the system and also
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allows a smooth transition between the activation and deactivation phases to prevent
chattering around the transition values. The activation function is given as

ai(x) ,


1, x(η) < xmin
s(x), xmin ≤ x(η) ≤ xmin + ∆
0, x(η) > xmin + ∆

, (10)

where ∆ is the size of the transition zone, allowing for a smooth activation/deactivation of
the task itself, and s(x) is a sigmoid function joining the two extrema with continuity.

After the tasks are defined, an action can be simply put as a prioritized order of active
control tasks in a certain hierarchy (priority level) that needs to be managed concurrently
by the system. In the task priority based approach, the lower priority tasks do not interfere
with the higher priority tasks. However, whenever a task is deactivated, it will not use any
degree of freedom, eliminating the problem of over-constraining the system. By defining
various actions, a lower priority task can be easily made a higher priority one. This allows
us to define multiple actions having same objectives but with different priorities. We use
a finite state machine to encapsulate each set of actions and their functions. Transition
between various actions also means a transition between the states that represent them.

Once an action is defined, for each priority level k, the following quantities are com-
puted [42]:

• ˙̄xk , [ ˙̄x1,k . . . ˙̄xmk ,k]
> ∈ Rmk is the collection of reference rates of the mk scalar task for

priority level k;
• Jk is the Jacobian relation that connects the time derivative [ẋ1,k . . . ẋmk ,k]

> of the kth
task vector with the system velocity vector ν̇; and

• Ak , diag(a1,k, . . . , amk ,k) is the diagonal matrix constituting the activation functions.

Now, by exploiting the task priority inverse kinematics defined in [37,39], the desired
system velocity vector ˙̄ν that satisfies the task priority requirement can be found. In detail,
the following sequence of nested minimization problems needs to be solved, corresponding
to the so called Task Priority Inverse Kinematics (TPIK):

Sk ,
{

argR− min
˙̄ν∈Sk−1

‖Ak( ˙̄xk − Jk ˙̄ν)‖2
}

, k = 1, 2, . . . , N, (11)

where Sk−1 is the manifold of solutions of all the previous tasks in the hierarchy, S0 ,∈ Rn,
N is the total number of priority levels, and finally where the notation R−min is introduced
for underlining that each minimization is performed via the specialized form of [39].
Within such a specialized framework (named iCAT: inequality Constraints And Task
transitions), the above TPIK problem (11) results in the following algorithm, to be initialized
with ρ0 = 0, Q0 = I and then, for k = 1, . . . , N

Wk = JkQk−1(JkQk−1)
#,Ak ,Qk−1 , (12)

Qk = Qk−1

(
I − (JkQk−1)

#,Ak ,I JkQk−1

)
, (13)

ρk = ρk−1 + Sat
(

Qk−1(JkQk−1)
#,Ak ,IWk( ˙̄xk − Jkρk−1)

)
, (14)

where the special pseudo-inverse operator (.)#,A,Q has been introduced in [39] to cope with
certain invariance problems arising in (11) and where the function Sat(.) implements the
management of control variable saturations suggested in [52]. At the end of the above
iterative process, the desired final system velocity vector is ˙̄ν = ρN . This can also be further
extended to vehicles with manipulators [40–45].

3.2. A Task Priority Approach Integrating Homing and Docking Maneuvers

This section provides an in-depth look on how the various behaviors of our system
are achieved in the unified task priority framework. We consider two scenarios as repre-
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sentative of possible missions, one where the AUV executes a constant depth survey (e.g.,
to simulate the acquisition of acoustic data from the seafloor) and one where the AUV
executes a constant altitude survey (e.g., to acquire optical data at a prescribed distance
from the seafloor). For this, we introduce various actions such as a parking action Ap to
approach the initial way-point for starting the survey mission and also for executing the
homing maneuver at the end of the mission; a constant depth survey action Asd and a
constant altitude survey Asa action for executing the two survey scenarios; an aligning
actionAa that allows the vehicle to orient to the next leg of the survey; and finally a docking
action Ad to carry out the docking procedure. The name of the action corresponds to the
action defining objective that provides the main functionality. This main functionality,
however, does not necessarily need to be the highest priority task in that particular action.
On the contrary, it is usually at a low priority, below the tasks which are considered to
be related to the safety of the system. Table 1 provides the list of the tasks and and their
priority positioning within the control actions defined and used in this research.

Table 1. List of tasks in actions that encompass the various behaviors of the vehicle. In task type, I
refers to an inequality objective and E refers to an equality objective. The numbers denote the priority
of each task in their respective action where lower values represent a higher priority for that task in
the action.

Task Task Type Ap Asa Asd Aa Ad

Minimum Altitude I 1 1 1
Obstacle Avoidance I 2 2 2
Horizontal Alignment I 3
Vehicle Altitude E 3
Vehicle Depth E 3
Seafloor Alignment E 4 4 1
Field Velocity E 5
Follow 2D Path E 5 5
Velocity Alignment E 6 6 6
Hold Position E 2
Survey Leg
Alignment

E 3

Terminal Dock E 1
Dock Attitude E 2

3.3. Description of Tasks within an Action

The following section provides more information on the various tasks composing
each one of the above-considered actions, as reported in Table 1. Some tasks are common
to multiple actions. For example, the Minimum Altitude Task is common to Ap, Asa, and
Asd actions.

Concerning safety tasks, the Minimum Altitude Task allows the vehicle to maintain a
safe altitude above the seafloor. This prevents the vehicle from crashing into the seafloor
or other structures below itself. Due to the varying environments through which the
vehicle operates, its very likely that it will encounter obstacles along its path. The Obstacle
Avoidance Task enables the vehicle to avoid any obstacles along the path. Multiple obstacles
are considered, and once they are known with the help of on-board sensors, the task will
be able to avoid them in a reactive fashion and proceed towards the goal.

Moving to complementary tasks, the Velocity Alignment Task aligns the longitudinal
axis of the vehicle to the reference linear velocity vector. In this way, translations are
limited, allowing the main thruster to perform the majority of the work, increasing the
overall efficiency as the vehicle moves in the least damping direction. The Alignment to
Seafloor Task is a complementary task to the Minimum Altitude Task, and allows the vehicle
to follow the terrain and its slope. This helps the vehicle from preventing crashing to the
seafloor while maneuvering over rough terrain. This is executed aligning the body z axis
to the direction of the seafloor normal nb. Details on how the normal can be computed
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from the specific sensors will be given later in Section 4.1. Furthermore, as it is always
convenient not to allow the vehicle to reach high values of pitch, the Horizontal Alignment
Task allows the vehicle to control its pitch so that it will not exceed its permissible limits.

Moving to the homing and docking maneuvers, we recall that they can be subdivided
into a long-range parking (homing) and a short-range parking (terminal docking) as
depicted in Figure 3. The latter can be realized by explicitly taking advantage of the
holonomic capabilities exhibited by the vehicle within the execution of short range and
slow final maneuvering. For the former maneuver, as already stated, it is instead advisable
to reduce translations as much as possible that will otherwise lead to unnecessary energy
consumption. This is possible with the help of a velocity field based control. The Field
Velocity Task employs the velocity field control discussed in [46,47], recalled in the following.
Consider a planar parking problem with a goal at the planar absolute coordinates and
absolute yaw angle represented by given and/or measured x∗, y∗, ψ∗, as depicted in Figure
4. Then, for constructing a planar horizontal velocity field asymptotically converging
towards the goal with the required orientation approach, the angular and linear velocities
that are required to drive the position error e (defined in Figure 4) towards zero are of the
form 

Ω
.
= λα = λαkα

w .
= γe + (e ∧Ω) = γ|e|ie + λα|e|je.
= we + wΩ

, (15)

where α represents the angle between the position error vector e and goal orientation vector
ig, and kα represents the unit vector along the axis of angle α. The linear and angular gains
denoted by γ and λ can be modulated for consequently modulating the rate of convergence
of the field by using a parameter σ as λ = σλ̄ and γ = σγ̄. Corresponding to the current
position of the vehicle, the associated velocity w consequently represents the velocity
reference to be tracked by the origin of the vehicle frame 〈b〉, as well as the heading to be
tracked by the same vehicle frame. Thus, the current reference rate ˙̄x for the origin of the
vehicle body frame simply becomes ˙̄x = w. Moreover if we need to definitely converge
towards a moving docking station, the reference rate will become

˙̄x = w + wt, (16)

where wt is the linear velocity of the docking station. For simplicity, we assume that the
heading of the docking station remains constant as it is typically the case.

ψ*

(a)

ψ*

(b)
Figure 3. Parking maneuvers from (a) short-range and (b) long-range distances.

Moreover, as our vehicle is also required to follow this reference velocity by aligning
its heading in the velocity direction, let us consider a case when the vehicle is initially
misaligned at an angle of β with the reference velocity vector. An appropriate angular
velocity ωβ = κββnβ must be applied to reduce the misalignment, where κβ is the gain
required to align to the reference velocity vector and nβ is the unit vector normal to the



J. Mar. Sci. Eng. 2021, 9, 162 11 of 25

plane containing ωβ. Recalling the Velocity Alignment Task described earlier, it can also be
used to achieve such required alignment. Thus, combining the Field Velocity and Velocity
Alignment as current references to be tracked, in case of a reliable tracking of both, will allow
the vehicle to successfully carry out homing/parking with minimum energy requirements,
as the vehicle will eventually move along its minimal drag direction. For extending the
2D planar parking maneuver to a 3D parking maneuver, the 3D parking problem can be
reduced to a 2D planar parking problem where the linear field velocity always lie on the
plane formed between the linear error vector e and goal orientation vector ig as depicted in
Figure 4.

ψ*

Ω

α(x*, y*, ψ*)

ig

< w >

ω

λαeje
γαeie

e

Figure 4. Velocity field-based approach in 2D planar scenario.

For the very short-range terminal docking, we can exploit the holonomic behavior of
the vehicle using a translation maneuver at the final step. As the translation maneuver is
used only if absolutely necessary, this can eliminate a lot of drag and energy consumption.
The dock location is assumed to be a point (dock position) in free space with an associated
orientation (dock orientation) that the vehicle needs to reach with its heading aligned to
the dock orientation. To aid the terminal docking maneuver, we define a pre-docking
position near the required dock position, at a safe distance from the docking station.
A pre-docking position is essentially a point in free space with an associated orientation
(pre-docking orientation) that the vehicle needs to reach (in position and orientation)
prior to the execution of the docking maneuver. This pre-docking position can be used
to attain different dock positions as depicted in Figure 5. Once the vehicle matches its
position and orientation to the pre-docking position and orientation with the help of
Field Velocity Task and Velocity Alignment Task discussed previously, it gradually surges or
translates to the final dock position on the docking station with the help of Terminal Dock
Task. To complement the terminal docking maneuver, we use the Dock Attitude Task for
maintaining the vehicle orientation to the required dock orientation.

In terms of general mission tasks, we also consider the need for the vehicle to follow a
certain path in 2D. For instance, a typical surveying mission might require covering an area
by moving in lawn-mowing paths between way-points. The Follow 2D Path Task allows
the vehicle to achieve this by implementing the Line of Sight (LOS) [53] path following
technique, reducing the along-track and cross-track errors to zero. Such a 2D path following
task can be combined with a Vehicle Depth Task, if the survey needs to be conducted at a
constant depth, or with a Vehicle Altitude Task, if it needs to be done at constant altitude
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from the seafloor. Unlike the Minimum altitude task that was discussed before, the Vehicle
Depth and the Vehicle Altitude tasks always keep the vehicle altitude or depth close to a
reference value. Finally, once the AUV has reached the end of one leg of the survey, we
consider a Survey Leg Alignment Task to control the overall attitude of the vehicle, aligning
to the next leg while keeping the current position using Hold Position Task before proceeding
further with the path following technique. Normally, as these are slow maneuverings,
the drag effects remain at very reasonable levels.

(a)

Z

X

Y

DOCKING
STATION

DOCKIN
G

STA
TIO

N

(b)

Z

X Y

DOCKING
STATION

(c)

Z
X

Y

Final AUV Dock Position
Intermediate AUV Position
Pre-docking position
AUV Trajectory
Dock Heading

Figure 5. Docking approach from various sides of the docking station: (a) docking from the back (e.g., to dock on a stationary
seafloor docking station), (b) docking from one side (e.g., to dock to the side of a surface vessel), and (c) docking from the
top (e.g., to dock on a towed underwater docking station).

4. Simulation Results

This section presents different simulations, which have been carried out to highlight
the advantages in using the task-priority framework. In particular, the capability in
performing parking and homing maneuvers using the velocity field control technique,
the docking maneuver in various challenging scenarios and the mission capability are
studied.

4.1. Simulation Setup

The simulation program is written in C++ as it is the programming language that
can be used to interface with the real vehicle. The interface to the Simulated System is the
same as that of the actual vehicle, allowing for software-in-the-loop simulations of our
KCL implementation. Concerning the Planning Layer, we implemented a very basic state
machine to handle the sequence of actions.

The vehicle model used in the simulation is the X300 AUV, which is a low-cost torpedo-
shaped AUV that is capable of maneuvering with 5 degrees of freedom along the surge,
sway, heave, pitch, and yaw directions. The X300 hydrodynamic model is based on the
general Fossen model [49–51] for an underwater vehicle. The mass and drag parameters of
the experimental vehicle X300 have been identified prior to this research. Assuming the
vehicle is symmetric in the x− z plane and y− z plane, and almost symmetric in the x− y
plane due to relative slow speeds, the origin of vehicle frame coincides with the vehicle
center of buoyancy. Various dynamic model parameter terms can thus be simplified as
per Table 2. The vehicle is powered by 5 thrusters consisting of a main thruster at the aft,
2 lateral thrusters, and 2 vertical thrusters, and thus is not actuated in roll as depicted in
Figure 6. The vehicle has its center of mass below its center of buoyancy, allowing the
restoring forces to provide passive stability for the vehicle in roll. We also notice that the
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center of mass is below the line of the thrusters, thereby generating transient roll while
translating. However, it should also be noted that we limit translations as much as possible.

2.0

0.15

Center of Mass ThrustersCenter of Body Frame

0.07

0.6 0.6

Top view

Side view

0.45 0.45
Main thruster

F1

F4F5

F2F3

Thruster Forces

1 23 45

Figure 6. AUV: X300 model and allocation of thrusters.

The altitude sensors in the vehicle are arranged in the x− z plane of the vehicle as
depicted in Figure 7 where they are fixed at 45 degrees forward and aft w.r.t. the vehicle
body frame 〈b〉. These two sensors allows an estimation of the slope of the seafloor by
determining the seafloor vector. In the sensor frame 〈s〉, the rays from the two sensors make
contact with seafloor at points s A and sB, respectively. The floor vector f in 〈b〉 is given
as b f = bRs(s A− sB), where bRs denotes the rotation matrix from 〈s〉 to 〈b〉. The vehicle
follows the seafloor terrain by aligning its body z axis in the direction of the orthogonal
component nb, calculated as a normalized cross-product of the floor vector b f and the
body y axis jb. It is obvious that the roll could point the altitude sensors far away from the
vertical projection of the vehicle on the surface, thereby estimating the slope in another
point than the one just below the vehicle. We assume the roll to be negligible because in the
design of these kind vehicles, the center of mass and center of buoyancy are located in such
a way that the restoring forces provide passive stability in roll. The roll could be further
limited by adding fins to make the vehicle more horizontal in terms of roll. For estimating
the vehicle altitude, we consider an absolute vertical line, passing through the vehicle body
center bO and touching the floor vector b f at point bC. The estimated altitude is the length
of the vertical segment (bC− bO).

45°
O

45°

al
tit
ud

e

C

nb

kb

Seafloor terrain

θ

Sensor1

Sensor2

A

B

*All representation are on body frame

Figure 7. X300: Allocation of altitude sensors w.r.t. center of vehicle body frame and estimation
of vehicle altitude as length of the vertical segment. The slanting rays emerging from the vehicle
highlight the position of the altitude sensors w.r.t. the body of the vehicle.
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Table 2 gives a general layout of the vehicle characteristics, including the system and
dynamic model parameters.

Table 2. X300: System Parameters and dynamic model parameters. Thruster distance represents the longitudinal distance
of each thruster from the center of body frame.

System Parameter Value Model Parameter Value

DOF 5 Type Torpedo
Length 2 m G 9.810
Width 0.15 m ρ 1023.6

Weight 31 kg CG [0.000, 0.000, 0.070]
Main Propulsion Central thruster CB [0.000, 0.000, 0.000]

Propellers 5 Added Mass diag [−0.47, −22.7, −22.7, −0.1, −3.64, −3.64]
Linear Drag diag [1.079, 10.21, 10.21, 0.5, 1.061, 1.061]

Quadratic Drag diag [0.794, 102.1, 102.1, 20.48, 15.191, 15.191]
Thruster distance [−1.0, 0.45, −0.45, 0.6, −0.6]

The dynamics of the vehicle is assumed to be governed by a PI-based velocity control
system given by

u = Kpν̃ + Ki

∫ t

t0

ν̃dt, (17)

where ν̃ is the velocity tracking error (excluding the p angular velocity), and Kp and Ki are
the proportional and integral gain matrices, respectively. The controller is initialized with
gains Kp = diag([750, 780, 780, 380, 100]) and Ki = diag([2280, 2310, 2310, 2000, 90]).

For the simulation, we also assume the availability of sensors (e.g., a forward looking
sonar) that are able to compute distances to obstacles when in close proximity with the
vehicle for providing feedback to the obstacle avoidance tasks. Moreover, we also assume
acoustic communications (e.g., Ultra Short Base Line (USBL) unit with integrated acoustic
modem) with the docking station for long range homing and visual markers on the docking
station that are recognizable with an on-board camera for terminal docking. We further
assume that the vehicle can measure its pose and velocity using on-board sensors (e.g.,
Inertial Measurement Unit (IMU) and Doppler Velocity Log (DVL)). In case of a moving
docking station, its motion is constrained to a straight line motion with a constant heading,
and to allow rendezvous, the docking station will be moving with a velocity lower than
that of the maximum velocity of the vehicle.

In order to achieve realistic simulations, obstacles are added into the simulation
environment. For simplicity, the obstacles are modeled as spheres and the paper is not
concerned regarding a fine modeling of the obstacles. As is commonly done, we envelope
all the area around the docking place into sphere obstacles for repulsing the vehicle from
colliding into structural elements of the station. We can also use these spheres to envelope
no-fly zones to represent places or areas where the vehicle should not travel for other
reasons than collision risks. For example, to dock to a submarine [31] or an ASV [33],
a no fly zone can be defined by placing several spheres around the propeller area of the
submarine or ASV so that the vehicle avoids entering into turbulent waters generated
by the propulsion system of the submarine or ASV. Clearly when defined w.r.t. the dock
location, the spheres will be attached to the dock position body coordinates and would
move at the same rate as that of the dock.

4.2. Free Space Parking and Docking Tests

This section highlights the capability of the system in performing free space park-
ing maneuver (also used for homing) using the velocity field control technique and the
capability to perform the docking maneuver in various challenging scenarios. Various
trajectories of the vehicle while the parking maneuver is performed in free space with
different parameters are presented in Figure 8a. Here, the control parameters—-linear gain
λ, angular gain γ, and modulation gain σ—of the task are varied. Increasing the value of λ
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allows the vehicle to reach the goal faster, and increasing the value of γ allows the vehicle
to achieve the desired orientation sooner. Varying σ allows the vehicle to reach the final
configuration faster or slower, while following the same path. The result of the free space
docking simulations very well portrays how the vehicle perform the parking maneuver for
various parameters to obtain the desired target position and orientation irrespective of its
initial starting conditions. Action Ap is used for this test.

Figure 8b depicts the behavior of the vehicle while performing a docking maneuver
at the bow side of a docking station traveling towards the vehicle. The vehicle follows a
curvilinear velocity field trajectory towards the pre-docking position defined at a point in
the near-vicinity of the station, and translates to the final dock position for completing the
docking maneuver. In comparison to the work in [33], the translation is used only for the
terminal docking maneuver, thereby also reducing drag and energy consumption. The Ap
and Ad actions are exploited in these tests. The spheres represent the envelope obstacle
placed around the docking station to avoid collision as the vehicle moves closer during
homing and approach maneuver.

Figure 9a depicts the behavior of the vehicle while performing a docking maneuver
around the docking station at close proximity replicating the scenario presented in [30].
Here, the vehicle starts at close proximity from one side of the docking station and travels
to the other side of the docking station without colliding with the station. Thanks to the
tasks Obstacle avoidance and Field Velocity that are integrated to the task priority framework,
the vehicle is able to move away from the close proximity of the station to go around
and reach the pre-docking position present on the other side of the station by following a
velocity field trajectory before translating to complete the docking maneuver.

Figures 9a and 10a,b show the behavior of the vehicle when it needs to dock into a
tight space, such as space-limited docks or piers. The use of pre-docking position allows
the vehicle to home into the required orientation for docking without colliding with the
surrounding dock structure. In a very extreme situation where the vehicle comes in close
proximity with the dock structure, the obstacles and the Obstacle Avoidance task allow the
vehicle to safely move away from the dock structure while approaching. Not only do
we have the advantage of docking from anywhere and at any initial conditions of the
vehicle, but also the ability to avoid any obstacles along the path or avoid crashing into the
dock structure.

(a) (b)
Figure 8. X300: (a) Comparison between different maneuvers in free space parking by changing the linear gain, angular
gain, and modulation parameters. (b) Maneuver showing the vehicle performing a docking to a docking station travelling
towards the vehicle.
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(a) (b)
Figure 9. X300: (a) Maneuver showing the vehicle performing docking to a docking station, going around without collision,
(b) Maneuver showing the vehicle performing docking into a tight space inside a moving docking station, starting from
a distance.

(a) (b)
Figure 10. X300: (a) Maneuver showing the vehicle performing docking into a tight space, starting in front of the moving
docking station. (b) Maneuver showing the vehicle performing docking into a tight space, starting from close proximity of
the moving docking station and going around the dock structure without collision.

4.3. Vehicle Performing a Complete Mission

This section highlights the simulations encompassing the behaviors of the system in
various complex scenarios, using a constant depth survey and constant altitude survey as
representative of possible missions, and exploiting the features of task priority framework.
These two mission scenarios, which are performed and studied in the following sections,
will exploit all the behaviors of the system that were discussed in Section 3. The ability
to dock onto a moving docking station is also evaluated in this study. As previously
mentioned, a lawn mower profile-based survey is done at constant depth and constant
altitude exploiting the LOS path following algorithm [53]. Once the vehicle completes
the survey, it homes in to the moving docking station and finally docks. The Ap, Asd (for
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constant depth path following mission), Asa (for constant altitude path following mission),
Aa, and Ad actions are used for the missions. Some possible ways of docking approaches
are depicted in Figure 5. In the missions, we present docking approaches similar to the
scenarios taken from [32,33] where the vehicle docks to the moving docking stations from
the top and side, respectively. However the classic approach is to dock from the aft of the
docking station, e.g., to dock to a towed [31] or funnel-shaped [23] docking station which
was already presented in Figures 9b and 10. The dock moves with a constant heading
throughout the mission. Ocean current disturbances are also introduced in the following
mission simulations.

The missions are carried out as follows. A lawn mower profile is chosen for the survey
mission as depicted in Figure 11. Waypoints are inserted wherever the vehicle needs
to make a turn during the mission. The waypoint locations, vehicle initial position and
orientation, the dock velocity, and the ocean current velocity used in the simulations are
reported in Table 3. The vehicle starts from the home location and proceeds towards the
1st way-point by following and aligning to the system velocities with the help of action Ap.
The vehicle transits via each way-point using LOS based control at constant depth using
Asd action or constant altitude usingAsa action, along with theAa action. At every stage of
the mission, the vehicle reactively avoids the obstacles along its path. A minimum altitude
is always maintained to avoid crashing into the seafloor or any bottom structures and while
traveling close to seafloor, the vehicle follows the terrain to avoid crashing into it when
maneuvering over rough terrain. Once the vehicle completes its mission, the homing stage
will start using the action Ap. The action will drive the AUV to the associated pre-docking
position, defined w.r.t. the docking station as stated earlier. Thanks to the tasks defined in
action Ap, the vehicle will align its heading to the system velocities as it proceeds towards
the pre-docking position, while gradually aligning to the terminal orientation too. Once
the misalignment errors are within the acceptable range, the vehicle surges or translates
towards the final dock position with the help of action Ad.

WP1WP2

WP3

WP4

WP5

WP6

WP7 WP8

Path following maneuver

Parking maneuver

Terminal docking maneuver

Align to leg maneuver

Mission start/end location

Home location

Pre-docking position

Dock location

Stationary/Moving section

WaypointsWP

Figure 11. Lawn mover Profile: Representation of various locations, way-points, and maneuvers
involved for the complete survey mission.

Table 3. Mission parameters. All the positions are defined w.r.t. the world frame.

Parameter Value

Vehicle initial pose / Home (m, deg) [−5, −10, 18, 0, 0, 40]
Waypoint 1 pose (m, deg) [0, −5 , 20, 0 ,0 , 0]
Waypoint 2 pose (m, deg) [20, −5 , 20, 0 ,0 , 90]
Waypoint 3 pose (m, deg) [20, 0 , 20, 0 ,0 , 180]
Waypoint 4 pose (m, deg) [0, 0 , 20, 0 ,0 , 90]
Waypoint 5 pose (m, deg) [0, 5 , 20, 0 ,0 , 0]
Waypoint 6 pose (m, deg) [20, 5 , 20, 0 ,0 , 90]
Waypoint 7 pose (m, deg) [20, 10 , 20, 0 ,0 , 180]
Waypoint 8 pose (m, deg) [0, 10 , 20, 0 ,0 , 180]
Dock velocity (m/s) (in the dock frame) [0.3, 0, 0]
Ocean current velocity (m/s) (in the world frame) [0, 0.2, 0]
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4.3.1. Constant Depth Mission with Docking to a Moving Docking Station Close to
the Surface

Here, the vehicle performs a survey mission at constant depth. Figure 12a,b shows
the vehicle performing the mission, homing and then docking to a moving docking station
close to the surface. The vehicle performs the constant depth survey mission (Asd and Aa)
by maintaining a predefined depth throughout the mission. The Seafloor Alignment Task in
the Aa action is disabled while performing the constant depth survey mission phase. Once
the mission is completed, the vehicle enters homing phase (Ap) and returns to the docking
station situated close to the seafloor. The vehicle is required to dock to the starboard side
of the moving docking station and hence the pre-docking position is placed at a position to
the right of the required dock position on the docking station. Here, as the vehicle starts
the homing phase, the docking station is moving in front of the vehicle in the opposite
direction. As the orientation error in yaw is high and thanks to the Field Velocity Task,
the vehicle will make a wider turn while approaching the starboard side of the moving
dock as seen in Figure 12. The vehicle, after matching its position and orientation with the
pre-docking position and orientation using velocity field, eventually translates sideways to
the final dock position on the vehicle (Ad). At every phase, the vehicle reactively avoids the
obstacles along its path. The spheres depicted around the docking station is the envelope
obstacle to provide a safety area around the docking station while the vehicle approaches
the dock during homing. It is also used for guiding the vehicle towards the required
approach position for a safe docking.

From Figure 13, at around time t = 20, the vehicle changes from the parking maneuver
(Ap) to the path following at constant depth survey maneuver (Asd and Aa). At time
t = 336, the vehicle starts the homing maneuver (Ap), and at time t = 374, the docking
maneuver (Ad) is initiated. During the mission, the depth of the vehicle is maintained at
the desired level by the Vehicle Depth task. However, the vehicle encounters two obstacles
along its path as depicted by spheres at positions [10, −5.5, 20.5] and [−10, 4, 17]. Obstacle
avoidance data from Figure 13 shows that the vehicle is able to estimate the distance
to the obstacles (only the distance to the nearest obstacle at each instant is plotted) and
reactively avoids them along the path. Looking at Figure 12, notice how the obstacle found
during the homing stage is avoided by traveling beneath it, due to the availability of free
space without conflicting with the desired minimum altitude from the seafloor. Figure 14
highlights the time behavior of the tasks that are used in the mission (Obstacle Avoidance,
Minimum Altitude, and Vehicle Depth) and homing (Obstacle Avoidance, Minimum Altitude,
and Seafloor Alignment) phases. In this mission, the roll values of the vehicle vary from −4
degrees to 4 degrees, therefore confirming that the roll angles are negligible and acceptable.
Figure 15 depict the time behavior of desired velocities and the actual/system velocities of
the vehicle. From the plots, it can be noticed how the translation on the lateral and vertical
axis are mainly of a transient nature, with the exception of the terminal docking phase.
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(a) (b)
Figure 12. Constant depth mission: Plot showing the mission and docking to a moving docking station situated close to the
sea-level (a) in the 3D space (b) from top view.
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Figure 13. Constant depth mission: Time behavior of the vehicle depth, pitch, and obstacle avoidance data. The various phases of
the mission are denoted in the plot as follows: P—Parking, CDS—Constant Depth Survey, H—Homing, D—Docking.
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Figure 14. Constant depth mission: Time behavior of Obstacle Avoidance, Minimum Altitude, Vehicle
Depth, and Seafloor Alignment task activation functions. The various phases of the mission are
denoted in the plot as follows: P—Parking, CDS—Constant Depth Survey, H—Homing, D—Docking.
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Figure 15. Constant depth mission: Plot depicting the time behavior of desired velocities and the
actual/system velocities of the vehicle.

4.3.2. Constant Altitude Mission with Terrain Following and Docking to a Moving
Docking Station Situated Close to the Seafloor

For inspection surveys, the vehicle needs to travel at a certain altitude above to
the seafloor for gathering data with distance-dependent sensors such as vision sensors.
A constant altitude survey is performed in such scenarios. Figure 16a,b shows the complete
behavior of the vehicle performing a constant altitude survey mission (Asa andAa), homing
(Ap), and finally docking (Ad) to a docking station moving at a depth close to the seafloor.
The vehicle maintains a predefined altitude from the seafloor throughout the mission, it
follows the terrain of the seafloor (an improvement over [32]) and also avoids various
obstacles along its path. Once the vehicle completes the mission, it enters homing phase.
Here, the AUV is required to dock on top of the docking station, therefore the pre-docking
position is placed above the required dock position at a safety distance. The vehicle matches
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its position and orientation with the pre-docking position and orientation with the help
of velocity field and eventually translates down to the final dock position on top the
docking station. The spheres depicted around the docking station is the envelope obstacle
to provide a safety area around the docking station for avoiding any collision with the
docking structure as the vehicle approaches the dock while homing. In this survey mission,
upon reaching a way-point, the vehicle can maintain its pitch aligned to the terrain of
the seafloor even while orienting towards the next leg of the survey (Aa). However, one
can easily change this behavior and require the AUV to maintain a horizontal attitude,
while it orients towards the next leg of the survey, by simply deactivating the Seafloor
Alignment Task in Aa action. This is possible only because of the flexibility of the task
priority approach in introducing specific behaviors to the vehicle.

(a)
(b)

Figure 16. Constant altitude mission: Plot showing the mission and docking to a moving docking station situated close to
the seafloor (a) in the 3D space (b) from top view.

From Figure 17, at around time t = 20, the vehicle transitions from the parking
maneuver (Ap) to the path following using constant altitude survey maneuver (Asa andAa).
At time t = 331, the vehicle enters homing maneuver (Ap) and at time t = 354, the docking
maneuver (Ad) is initiated. The vehicle depth is represented as the altitude of vehicle above
the seafloor and it is clear that the vehicle maintains a specific altitude above the seafloor
with the help of Vehicle Altitude task during all phases of the mission. Maintaining a safe
minimum altitude from the seafloor is further carried out by the Minimum Altitude Task
during the homing phase. The vehicle pitch data show the variation of pitch orientation of
the vehicle while it follows the terrain of the seafloor. However, due to the pitch limitation
implemented via Horizontal Alignment Task, the vehicle pitch does not increase beyond
its permissible limits. The vehicle encounters two obstacles along its path as depicted
by spheres at positions [16.6, −4.5, 32.5] and [−7, 12, 27]. Obstacle avoidance data from
Figure 17 show that the vehicle is able to estimate the distance to the obstacles (only the
distance to the nearest obstacle at each instant is plotted) and reactively avoids them along
the path. Looking at Figure 16, notice again that the obstacle found during the homing
stage is avoided by traveling beneath it, due to the availability of free space without
conflicting with the desired minimum altitude from the seafloor. Figure 18 highlights
the time behavior of the tasks that are used in the mission (Obstacle Avoidance, Minimum
Altitude, Vehicle Altitude, Seafloor Alignment), and homing (Obstacle Avoidance, Minimum
Altitude, and Seafloor Alignment) phases. In this mission, the roll values of the vehicle is
found to vary from −4.5 degrees to 6 degrees, therefore confirming that the roll angles are
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negligible and acceptable. Figure 19 depict the time behavior of desired velocities and the
actual/system velocities of the vehicle.
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Figure 17. Constant altitude mission: Time behavior of the vehicle depth, pitch and obstacle avoidance data. The various
phases of the mission are denoted in the plot as follows: P—Parking, CAS—Constant Altitude Survey, H—Homing,
D—Docking.
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Figure 18. Constant altitude mission: Time behavior of Obstacle Avoidance, Minimum Altitude, Vehicle
Altitude and Seafloor Alignment task activation functions. The various phases of the mission are denoted
in the plot as follows: P—Parking, CAS—Constant Altitude Survey, H—Homing, D—Docking.
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Figure 19. Constant altitude mission: Plot depicting the time behavior of desired velocities and the
actual/system velocities of the vehicle.

5. Conclusions

In this research, we focused on the problems arising when AUVs are required to exe-
cute a mission and autonomously home and dock to stationary or moving docking stations,
and have shown how to tackle them using a common framework approach. We presented
a general control strategy incorporating various vehicle behaviors into the task priority
framework, targeting a system capable of staying and operating underwater, perform
autonomous missions, homing, docking, obstacle avoidance, terrain following, minimum
altitude, and pitch control. The paper has presented the tasks and actions with proper
priorities defined to achieve the various vehicle behaviors. In particular, we have shown
how to integrate the Field Velocity Task for long-range parking maneuver, allowing the AUV
to reach the close proximity of the docking station oriented well in advance. Furthermore,
we have shown how the adoption of the task-priority framework allows to integrate tasks
such as Obstacle Avoidance or Seafloor Alignment and exploit them both during the execution
of the regular survey mission, but also while doing the homing and docking maneuvers;
therefore, tackling these maneuvers in more challenging conditions w.r.t. previous works.
The contributions have been shown thanks to different numerical simulations, based on the
hydrodynamic model of the X300 AUV, demonstrating the successful integrated execution
of surveying, homing and terminal docking maneuvers. The results very well prove that
the proposed framework is flexible as additional capabilities to the system can be incorpo-
rated very easily. This architecture is ready to be expanded to manipulation tasks in the
future [37,41].
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